Pineal melatonin release exhibits a circadian rhythm with a tight nocturnal pattern. Melatonin synthesis is regulated by the master circadian clock within the hypothalamic suprachiasmatic nucleus (SCN) and is also directly inhibited by light. The SCN is necessary for both circadian regulation and light inhibition of melatonin synthesis and thus it has been difficult to isolate these two regulatory limbs to define the output pathways by which the SCN conveys circadian and light phase information to the pineal. A 22-h light-dark (LD) cycle forced desynchrony protocol leads to the stable dissociation of rhythmic clock gene expression within the ventrolateral SCN (vlSCN) and the dorsomedial SCN (dmSCN). In the present study, we have used this protocol to assess the pattern of melatonin release under forced desynchronization of these SCN subregions. In light of our reported patterns of clock gene expression in the forced desynchronized rat, we propose that the vlSCN oscillator entrains to the 22-h LD cycle whereas the dmSCN shows relative coordination to the light-entrained vlSCN, and that this dual-oscillator configuration accounts for the pattern of melatonin release. We present a simple mathematical model in which the relative coordination of a single oscillator within the dmSCN to a single light-entrained oscillator within the vlSCN faithfully portrays the circadian phase, duration and amplitude of melatonin release under forced desynchronization. Our results underscore the importance of the SCNs subregional organization to both photic input processing and rhythmic output control.
I
n mammals, circadian rhythms are governed by a master pacemaker located in the hypothalamic suprachiasmatic nucleus (SCN) (1, 2) . The SCN is a heterogeneous nucleus with major subregional differences in neurochemical phenotype, connectivity and patterns of gene expression (3) (4) (5) (6) . Light information is transmitted directly to the SCN via the retinohypothalamic tract (RHT) (7, 8) . In rats, RHT input is dense in the ventrolateral SCN (vlSCN), and relatively sparse in the dorsomedial SCN (dmSCN) (3) . In this species, segregation of SCN afferents is paralleled by a segregation of efferent projections emerging from each subregion, and some SCN targets receive input from only the vl-or the dmSCN (9) . This topographic organization of afferent and efferent projections suggests different roles for these subregions regarding processing of photic information and control of circadian outputs. Indeed, photic stimulation by light pulses applied during the subjective night or by abruptly shifting the light-dark (LD) cycle up-regulates expression of the clock gene Per1 in the vlSCN, inducing a transient desynchronization in gene expression between the two subregions (10) (11) (12) (13) . These data strongly suggest that the SCNЈs subregional organization is key to the processing of light information. Its role in the control of circadian outputs, however, is more difficult to assess and has been limited to studies using partial SCN lesions (14) .
We have recently developed a forced desynchrony protocol in rats that leads to stable dissociation between the vl-and dmSCN. When housed in symmetrical 22-h 11:11 LD cycles (LD22), rats exhibit two stable locomotor activity rhythms simultaneously: One is entrained to the LD cycle and exhibits a period of 22 h (T22), whereas the other is dissociated from the LD cycle and presents a period longer than 24 h ( Ͼ 24) (15, 16) . Over time, these bouts move between aligned phases, in which the Ͼ 24 bout occurs during the dark phase of the LD cycle (and thus overlaps the T22 activity bout), and misaligned phases, in which the Ͼ 24 bout occurs during the light phase (and thus overlaps with the T22 rest phase). The T22 and Ͼ 24 activity rhythms are correlated with independent oscillations in clock genes in the vlSCN and dmSCN, respectively. We have confirmed this dissociation in rhythmic clock gene expression for the Per1, Per2, and Bmal1 genes (16, 17) and ex vivo in hypothalamic slices of desynchronized rats carrying a luciferase gene driven by the Per1 promoter (unpublished data). Although the oscillation of Per1 expression in the vlSCN is associated with the 22-h LD cycle, high expression of Per1 during the light phase does not represent solely a photic response because it persists upon release into constant darkness (DD) (16) . Furthermore, desynchronization of other circadian rhythms (16) (17) (18) indicates that the forced desynchronized rat represents a unique anatomically and genetically intact model to study the respective contributions of the dm-and vlSCN to specific behavioral and physiological rhythmic outputs (19) .
The rhythmic release of the pineal hormone melatonin was characterized as an SCN circadian output more than three decades ago (20) . Its tight nocturnal release pattern is the result of both circadian control and light-inhibition of its synthesis (21) and the SCN is critical for both of these regulatory processes (20, 22) . The SCN exerts this regulation via a multisynaptic projection that originates in the nucleus and has synaptic relay stations in the paraventricular nucleus of the hypothalamus (PVN), the intermediolateral cell column of the spinal cord and the superior cervical ganglion, whose projections terminate in the pineal gland (23, 24) . In the rat, output signals from the SCN regulate levels of mRNA for pineal arylalkylamine N-acetyltransferase (AANAT), a key enzyme in the melatonin synthesis pathway. Nocturnal up-regulation of AANAT mRNA is the main cause for the 150-fold increase in melatonin synthesis during the night (25, 26) .
Light is the most prevalent environmental stimulus that synchronizes the SCN circadian pacemaker; in addition, light exerts direct effects on many of the pacemaker's rhythmic outputs, including melatonin release. Therefore, it has been difficult to experimentally separate the acute inhibitory effects of light on melatonin synthesis from those mediated through light entrainment of the SCN pacemaker (27) . Here, we show that entrainment of the circadian rhythm of release of melatonin can indeed be dissociated from its light-inhibition by exposure of rats to LD22. Our present results, in combination with our clock gene expression patterns under LD22 published in refs. 16 and 17, indicate that light input relayed by the vlSCN directly to the pineal is likely the source of acute photic inhibition of melatonin synthesis and release. In other words, although light under LD22 fails to fully entrain the dmSCN, it never fails to inhibit melatonin. Furthermore, the circadian release of melatonin under this desynchrony protocol reflects the failure of the dmSCN to entrain to the continuously advancing 22-h LD cycle. Our results fit the predictions of a dual oscillator model in which the vl-and dmSCN are mutually but asymmetrically coupled oscillators. According to this model, light entrains the vlSCN; under 24-h LD cycles the two oscillators are synchronized by coupling exerted by the vl-on the dmSCN and this synchronization is impaired by exposure to LD22.
Results

Desynchronization of Melatonin Release Under 22-h LD Cycles.
Male Wistar and Kyoto-Wistar (Kyoto) rats (n ϭ 8 for each strain) were housed in LD22. Visual inspection of actograms indicated desynchrony in all animals. In Wistar rats this was manifested as two locomotor bouts, one associated with the LD cycle and the other dissociated from it as described in refs. 15 and 16 (Fig. 1A) . In Kyoto rats the desynchrony was manifested as locomotor activity bouts that advanced on successive cycles, but failed to achieve the 2-h advance per cycle needed to entrain to the LD cycle (Fig. 1B) . 2 periodogram analysis revealed two peaks in the circadian range for all individuals in both strains. The mean periods for Wistar rats were T ϭ 22.00 Ϯ 0.00 h and ϭ 25.32 Ϯ 0.11 h corresponding to the T22 and Ͼ 24 bouts, respectively. The mean periods for Kyoto rats were T ϭ 22.06 Ϯ 0.01 h and ϭ 24.08 Ϯ 0.03 h. In this periodogram analysis the T22 period explained a significantly greater percentage of the variance in Wistar than in Kyoto rats; furthermore, the Ͼ 24 period showed a higher peak in Kyoto than in Wistar rats (F (1, 11) ϭ 23.7, P ϭ 0.0004).
Animals were implanted with microdialysis probes aimed at the pineal and melatonin levels were monitored from dialysates with a 20-min sampling interval. Melatonin release duration was maximal when the Ͼ 24 bout overlapped with the dark phase of the LD cycle ( Figs. 1 and 2 A and C) . As the Ͼ 24 bout progressed from aligned to misaligned phases the duration of the melatonin peak gradually decreased. Thus, melatonin peak duration was negatively correlated with the number of days past the aligned phase ( Fig. 2 B and D) (r ϭ Ϫ0.738, P Ͻ 0.001 for Wistar rats and r ϭ Ϫ0.806, P Ͻ 0.001 for Kyoto rats). This compression of the melatonin peak duration was more rapid in Wistar than in Kyoto rats (3-5 days versus 5-7 days) ( Figs. 1 and 2) .
Compression was also associated with differential rates of advance for melatonin onset and offset from aligned to misaligned phases. For Wistar rats, the periods of melatonin release onset and offset (determined as the times when melatonin levels reached respectively higher and lower values than the 20% of the daily peak) were respectively 23.21 Ϯ 0.09 h and 21.86 Ϯ 0.10 h. For Kyoto rats, these periods were respectively 23.50 Ϯ 0.28 h and 21.96 Ϯ 0.06 h. During maximum misalignment, melatonin was entirely suppressed for at least one cycle; during these periods of suppression, pineal N-acetylserotonin (enzymatic product of AANAT) was also suppressed, while pineal serotonin (precursor of melatonin and substrate for AANAT) levels were persistently elevated, ruling out a failure in sampling as a cause for loss of melatonin signal. The melatonin peak then reappeared near the next aligned phase, and the pattern repeated itself (Fig. 1) . The onset of this reemerged melatonin release bout maintained a 1-2 h lag relative to lights-off for several days before resuming the compression pattern; the offset either phase-locked to the time of lights-on immediately upon reappearing, or initially appeared in the mid-dark phase and then phase-locked to lights-on after 1-2 cycles ( Fig. 2 A and C) . Thus, melatonin offset was tightly coupled to lights-on, whereas melatonin onset was neither phase-locked to the LD cycle nor fully free-running.
Compression of the Rhythm of Melatonin Release Reflects the En-
trainment of a Slow-Advancing Oscillator. The melatonin peak compression observed in the transition from aligned to misaligned phases results in part from the time of lights-on impinging on nocturnal release of melatonin. This compression could either reflect the direct inhibition of melatonin synthesis by light or the entrainment of an oscillator by the advancing 22-h LD cycle. To sort out between these possibilities, we released male Wistar rats into DD after 14 days under the 22-h desynchrony protocol by leaving the lights off at the conclusion of the dark phase. Based on locomotor activity data, three animals were determined to be in aligned phase at the time of release (Fig. S1 A, C). In these animals, both melatonin onset and offset free-ran from the point of release, with a period of 24.44 Ϯ 0.08 h and 24.49 Ϯ 0.10 h, respectively. As expected, the melatonin peak duration in these individuals was long from the first day in DD onward. The remaining two animals were in misaligned phase at the time of release into DD ( Fig. S1 B and C). In both of these animals, the first melatonin peak in DD was compressed. In one case, the melatonin peak expanded via small daily advances in onset ( Fig. S1 B and C) . In the other case, the melatonin peak delayed sharply on the second day in DD, then expanded via further delay of offset (Fig. S1C ). The probe signal was lost in this animal after the third day in DD, but the available data demonstrate an initially compressed melatonin peak that, on the second day in DD, appeared to initiate a phase jump similar to those seen in LD22. Thus, compression of the melatonin peak under LD22 cannot be explained merely as inhibition of melatonin release by light.
A Model for Light-Inhibition and Circadian Regulation of Melatonin
Release by SCN Subregional Oscillators. The temporal patterns of melatonin release under forced desynchronization resemble locomotor activity patterns described by Pittendrigh and Daan (28, 29) . In their research on nocturnal rodents exhibiting relative coordination under T cycles (cycles of periodic light pulses), periodic compression and decompression of activity duration were interpreted as the differential entrainment of individual oscillators controlling the onset and offset of activity. The duration of melatonin synthesis has also been proposed to be under control of two coupled oscillators (30, 31) . Using computer simulations (see Model Equations in SI Text) we show that two oscillators (vl and dm) can explain our forced desynchronization results, but only one of them is sufficient for explaining compression and decompression of melatonin release.
For a configuration in which a Zeitgeber of fixed amplitude acts on two mutually coupled oscillators, A and B, the dynamics depend on the relationship between Zeitgeber period T, the intrinsic periods of the oscillators, A and B , the range of entrainment of each oscillator and the coupling strength (see Simulation of Forced Desynchronization in SI Text and Fig. S2 ). Simulation of a system exhibiting a simpler structural configuration, and based in the rat SCN topographical organization (3, 10, 18) (Fig. 3A) generates similar dynamics to those shown for the more general system in Fig.  S2 A. Therefore, the principles that underlie forced desynchronization of a dual oscillator system, in which light acts on both oscillators, apply to the more specific model in which the vl-and dmSCN are the coupled oscillators and light acts only on the vlSCN.
Forced Desynchronization Model of Melatonin Release.
A population of oscillators with differing intrinsic periods can give rise to different emergent output patterns depending on whether they are mutually or unidirectionally coupled (32) (33) (34) . In the SCN, there is a complex coupling architecture among neurons with different intrinsic circadian periods (4, 35, 36) . This architecture gives rise to locally organized subpopulations of neuronal oscillators that are synchronized under 24-h LD cycles but may be dissociated under forced desynchrony protocols if their emergent periods are intrinsically different (15) . The regulation of clock outputs and the pattern of clock gene expression in our LD22 forced-desynchronized rat clearly indicate that the vl-and dmSCN are functionally distinct neuronal subpopulations with distinct intrinsic periods (15, 16, 18) . These and other results in rats and mice (10, 13, 37, 38) have led to the notion that the LD cycle entrains an oscillator in the vlSCN that in turn entrains the dmSCN (Fig. 3A) .
When melatonin release is assayed under LD22, a pattern arises (Fig. 1 ) that does not resemble a typical dissociated locomotor activity pattern. In our model, whereas locomotor activity is the output of both the vl-and dmSCN, melatonin is controlled by the dmSCN (dm oscillator) (see Model Equations in SI Text for rationale behind these assumptions). The dm oscillator has a period dm Ͼ 24 h, whereas the period of the vlSCN (vl oscillator) is vl Ͻ 24 h. These periods are based on our previous analysis of clock gene expression and locomotor activity rhythms in desynchronized rats and on the fact that a 22-h LD cycle is within the limits of entrainment of the vlSCN but outside the limits of entrainment of the dmSCN (16) . The pattern of melatonin release is proposed to correspond to the simulation case in which T ϭ T 2 in Fig. S2 : The 22-h LD cycle entrains the vl oscillator while the dm oscillator is in relative coordination (Fig. 3B) .
Acute inhibition by light is superposed onto the simulated melatonin release in Fig. 3C , by setting melatonin amplitude to zero Fig. 3C ), namely slowly drifting melatonin onset times relative to LD 11:11, appropriately timed phase jumps and a 22-h period for melatonin offset. Because the vlSCN expresses a 22-h periodicity we propose it mediates the inhibition of melatonin by light and it relays photic information to the dmSCN. The dm oscillator is in relative coordination and, accordingly, its period and phase relationships to the 22-hr LD cycle are not stable. Of note, the same patterns of melatonin release could be simulated if the vlSCN passively responds to light and relays this information to the dmSCN and the pineal; yet, we have simulated the vlSCN as an oscillator because its increase in Per1 expression persists in the absence of light on the first cycle after release into DD (16) . A strikingly similar pattern of relative coordination was reported for locomotor activity in a spontaneously emerging mutant of Peromyscus californicus under a 24-h LD cycle, although the neural bases for this desynchronization are unknown (39) .
Although similar patterns of melatonin release could be generated using independent oscillators that control the onset and offset of melatonin, we favor our more economical model, which does not require separate entrainment of melatonin onset and offset. We do not deny the validity of a dual-oscillator control model under other experimental conditions; however, we propose that, if present, these two oscillators do not dissociate under forced desynchronization and function as a single oscillator within the dmSCN.
The model predicts that upon release into DD light inhibition will cease and the output of the relative coordinated dm oscillator will be ''unmasked.'' If an animal is released into DD from an aligned phase, in which the melatonin peak is long, the duration of the peak should remain long from the first cycle after release into DD (Fig.  S1 A and C; projection schematized in Fig. S3A ). If the cyclic narrowing of the melatonin peak under the LD22 is solely due to relative coordination of the dmSCN and masking, release into DD of an animal from a misaligned phase, in which the peak is compressed, should also result in an immediate increase of this peak's duration (projection schematized in Fig. S3B ). However, our experimental results revealed that when release into DD occurred on misaligned phases, the melatonin bout was short on the first day and lengthened on successive days, showing true decompression dynamics ( Fig. S1 B and C; projection schematized in Fig. S3C ). This result invited us into a more careful observation of a feature of relative coordination, namely how the amplitude of an oscillator is affected by relative coordination. Fig. 4A shows the periodic amplitude changes of the state variable of an oscillator during relative coordination. In the model, this amplitude could correspond to the concentration of a clock-gene product at the cellular level, or to an emergent oscillator state variable at the tissue level that underlies circadian periodicity of the rat. Because oscillator period changes evoke amplitude changes as well (40) , amplitude varies periodically between maximum and minimum values during relative coordination (41) and minimum values occur on the misaligned day. Because in our model melatonin release occurs every time oscillator amplitude is above a threshold value, the bout duration therefore depends on the amplitude of the oscillator (Fig. 4 B and C) . If the release into DD is started on a misaligned phase (day 2 in Fig. 4A ), when oscillator amplitude is at a minimum and before the large phase delay, the melatonin bout will be short on the first DD cycle and will lengthen throughout successive cycles as the dm oscillator amplitude recovers slowly.
In summary, melatonin compression and decompression observed under forced desynchrony are due to three factors: (i) a melatonin onset delay relative to the 22-h LD cycle in subsequent days due to relative coordination (see below); (ii) masking of the melatonin offset by light; and (iii) the cyclic variation of the dm oscillator's amplitude in relative coordination with a minimum during misaligned phases.
A prediction arose from our model, which was not obvious from the actogram representation of melatonin in Fig. 1 . Amplitude changes of an output rhythm are positively or negatively correlated to amplitude changes of the underlying oscillator. Assuming a positive correlation between these two amplitudes, our model predicted that besides the suppression of melatonin release by lights on every 22 h, there would also be day-to-day amplitude variations in melatonin output, due entirely to the amplitude changes of dm oscillator under relative coordination (Fig. 4A) . In Fig. 4C we show the predicted changes in the amplitude of melatonin release, separating explicitly melatonin suppression due to 22-h onset of light and changes in amplitude due to dm oscillator amplitude changes. Minimum amplitude levels of melatonin release should therefore occur on misaligned phases, and indeed our experimental data showed this was the case in both rat strains (Figs. 1B and 4 C  and D) . This prediction was also supported by the 5 animals released into DD, in which the amplitude showed a trend to be smaller in those animals released from a misaligned phase than in those released from an aligned phase (one-tail t test, P ϭ 0.086). Our model is also consistent with the reduced amplitude of AANAT levels observed after abrupt advances of the LD cycle (42) ; this amplitude reduction may reflect a decrease in the dm oscillator amplitude that in turn results from the transient desynchrony between the vl-and dmSCN after abrupt LD phase shifts (13, 38, 43) .
Melatonin Waveform Under Forced Desynchronization. The model of melatonin temporal profiles under a forced desynchrony protocol is heavily based on the particular shape of oscillator waveforms in relative coordination. The zigzagging actogram pattern results from nearly entrained activity bouts that alternate with periodic large phase shifts. The origin of these large phase shifts has been debated for a long time in the context of spontaneous internal desynchronization (44, 45) . Our simulation of an oscillator, with a hypothetical phase response curve, under relative coordination, predicts both these quasi-entrainment cycles and the large phase shifts (see Output of an Oscillator under Relative Coordination in SI Text and Fig. S4 ).
Both Wistar and Kyoto rats exhibit relative coordination of melatonin temporal profiles. However, two main differences can be detected: first, the activity bouts of Kyoto rats do not seem to be dissociated and second, the overall period of the non-entrained component is clearly shorter in Kyoto than in Wistar rats. This difference in dissociation between components and in overall period of the system can be simulated by changing a single parameter in our model, namely the strength of coupling between dm and vl (see Strain Differences in SI Text and Fig. S5 ).
Discussion
The organization of the SCN into its vl-and dmSCN subregions has been recognized based on criteria including neuroanatomical tract tracing, immunohistochemistry, and in situ hybridization (3) . The functional heterogeneity of these subregions has been underscored by their differential response to light, and by their spontaneous oscillation of clock gene expression both in vivo and in vitro (4, 19) . Their functional heterogeneity in regards to circadian output control has been more elusive. The 22-h LD forced desynchronization of these two subregions into a LD-associated vlSCN and a longer-period dissociated dmSCN offers an opportunity to assess the ability of these subregions to sustain independent circadian outputs. In these forced desynchronized rats, the rhythms of locomotor activity (15) , as well as sleep stages and core body temperature (18) are internally desynchronized. These dissociated rhythms track independent oscillations of clock gene expression in the vl-and dmSCN (16, 17) , suggesting that the dissociated SCN subregions act as independent pacemakers driving specific outputs. Here, we have capitalized on the forced desynchronized rat to dissociate two SCN-dependent regulatory limbs of melatonin synthesis, namely its circadian regulation and the ability of light to inhibit it. The result of this dissociation is a recurring pattern of successive compression of melatonin release followed by a large phase delay. Compression persisted upon release of forced desynchronized animals into DD when these releases occurred during phases at which the vl-and dmSCN oscillators were maximally misaligned, suggesting that these patterns are mediated via changes in pacemaker parameters and not merely via inhibition by light onset.
Based on these results, and on anatomical (9, 46) and functional (10, 13, 16, 38) observations of the SCN, we generated a mathematical model of the desynchronized SCN in the forced desynchronized rat. Under simulated 22-h LD cycles vl entrains to the LD cycle, but weak coupling between vl and dm, combined with the longer intrinsic period of dm, prevents full entrainment of dm. The resulting output pattern of relative coordination, with the addition of masking of melatonin release during the light phase, closely resembles the experimental melatonin profiles seen in forced desynchronized rats. In addition, the model accurately simulates an observed interstrain (Wistar vs. Kyoto) difference in the pattern of melatonin release. Finally, our model suggests that a single dm oscillator can control the asymmetric phase shifting of the melatonin onset and offset via relative coordination, changes in amplitude and masking. Together, these data indicate first, that the dmSCN controls the circadian melatonin profile and second, that the vlSCN is an oscillator that can both acutely inhibit melatonin release and entrain the dmSCN oscillator. Under 24-h LD cycles, the vlSCN is entrained; its weak coupling to the dmSCN and the proximity of Zeitgeber period to the dmSCN period result in entrainment of the dmSCN and the 24-h nocturnal rhythm of melatonin release (47) .
In rats, efferent projections from the dm-and vlSCN project to distinct subsets of targets (9, 46, 48) . Based on this topographic organization of projection neurons in the rat, Leak and Moore (9) have proposed that these subregions could govern distinct rhythmic outputs and thus constitute the basis for internal desynchronization of circadian rhythms. Our analysis of the rhythms of locomotor activity (16) , sleep architecture, core body temperature (18) and -in the present study-melatonin release are in full agreement with this hypothesis. Axonal outputs from the SCN are necessary to sustain circadian neuroendocrine rhythms, including melatonin rhythms (49) . Primary efferents from the SCN to the preautonomic PVN originate primarily from the dmSCN in rats (50) (51) (52) and hamsters (53) , although a parallel vlSCN input is suggested by the presence of VIPergic fibers apposing preautonomic PVN neurons (51, 54) . These tracing studies indicate that the dmSCN can be a source of circadian timing information to the pineal; in support of this, we observed that pineal melatonin release tracked the dissociated locomotor activity bout, which we show to be associated with the activity of the dmSCN in ref. 16 . Simultaneously, the ability of light to acutely inhibit melatonin release was preserved and mirrored the previously described clock gene activity of the vlSCN under 22-h forced desynchronization. This is consistent with the presence of VIPergic innervation of the PVN (54) and the ability of SCN efferent neurons to be acutely stimulated by light in mice (55) and hamsters (56) .
Masking is defined as an amplitude modulation of an output circadian rhythm due to processes downstream from the oscillator. Masking of melatonin by light, however, has challenged this definition because the SCN is necessary for its occurrence and it also contains the pacemaker that controls melatonin circadian release (30) . According to our model the double role of the SCN in both the entrainment of the rhythm of melatonin release and its masking response to light (27) , can be accounted for by its internal architecture as revealed by the forced desynchrony protocol. This architecture may also underlie excitatory and inhibitory neurochemical pathways that have been proposed to mediate the circadian and the light inhibition regulatory pathways of melatonin release (57) .
Pittendrigh and Daan hypothesized that in nocturnal rodents, the onset and offset of circadian locomotor activity rhythms are coupled to separate light-entrainable circadian oscillators. These oscillators are phase-locked to the evening (oscillator E) and morning (oscillator M) light/dark transitions, and separate entrainment of these two oscillators under specific LD regimes can account for compression and decompression of the rhythms of locomotor activity (28, 29) and melatonin release, with onset and offsets phase-locked respectively to these two oscillators (30, 31, 58) . However, according to our model, compression and decompression under forced desynchronization is not due to dissociation between these E and M oscillators. Instead, it is due to the dissociation between one oscillator within the dmSCN that controls circadian timing of melatonin and shows periodic amplitude changes, and another oscillator within the vlSCN that transmits light phase information necessary for entrainment and inhibition of melatonin release. Because coupled E and M oscillators are known to control circadian timing of melatonin, we propose that in the rat they are both located in the dmSCN and remain synchronized under our forced desynchrony protocol. This interpretation is consistent with evidence of complex coexisting dual-oscillators within the SCN master pacemaker (59) . Our results indicate that the subregional organization of the SCN is critical for the regulation of the two mechanisms-entrainment and masking-that restrict melatonin release to the night; they also highlight the complexity of the SCN neuronal network as a center for processing photic information.
Other rhythmic outputs in the forced desynchronized rat, including core body temperature, wakefulness and locomotor activity (18, 60) , present patterns of relative coordination similar to those observed here for melatonin release. Furthermore, similar patterns were observed in other mammalian systems exposed to a weak Zeitgeber or one with a period near the limits of entrainment (61, 62) . We propose a simple model that accurately reflects both the SCNЈs functional anatomy and empirical data on the regulation of its rhythmic outputs, and that offers experimentally testable predictions (see Predictions of the Model in SI Text). Our model offers an entrée to understanding how SCN subpopulations of single-cell oscillators interact with each other to master the regulation of rhythms throughout the body.
Methods
Male Kyoto-Wistar rats and Wistar rats were housed in LD 11:11 upon arrival to our laboratory until activity rhythms desynchronized (2-3 weeks). They were then implanted with transverse microdialysis probes during the light cycle and allowed to recover for at least 24 h. Online microdialysis began at 13:00 EST and continued without interruption for up to 20 days. Kyoto rats were maintained in LD 11:11 for the duration of the study. Wistar rats were monitored in LD 11:11 for 13 days, then released into DD and monitored for an additional 7 days. See SI Materials and Methods.
